Age-related hearing loss, or presbyacusis, is a major public health problem that causes communication difficulties and is associated with diminished quality of life. Limited satisfaction with hearing aids, particularly in noisy listening conditions, suggests that central nervous system declines occur with presbyacusis and may limit the efficacy of interventions focused solely on improving audibility. This study of 49 older adults (M069.58, SD08.22 years; 29 female) was designed to examine the extent to which low and/or high frequency hearing loss was related to auditory cortex morphology. Low and high frequency hearing constructs were obtained from a factor analysis of audiograms from these older adults and 1,704 audiograms from an independent sample of older adults. Significant region of interest and voxel-wise gray matter volume associations were observed for the high frequency hearing construct. These effects occurred most robustly in a primary auditory cortex region (Te1.0) where there was also elevated cerebrospinal fluid with high frequency hearing loss, suggesting that auditory cortex atrophies with high frequency hearing loss. These results indicate that Te1.0 is particularly affected by high frequency hearing loss and may be a target for evaluating the efficacy of interventions for hearing loss.
INTRODUCTION
Age-related hearing loss, or presbyacusis, is a chronic health condition that affects nearly everyone over 70 years of age with more rapid and pronounced effects occurring in the higher frequencies and in the oldest adults (Brant and Fozard 1990; Matthews et al. 1997; Lee et al. 2005; Wiley et al. 2008; Echt et al. 2010; Lin et al. 2011 ). This chronic and progressive hearing loss affects communication as the high to low frequency progression of presbyacusis encroaches on frequencies important for speech recognition (Gates and Mills 2005; Dubno et al. 2008; Humes and Dubno 2010) . Current interventions for hearing loss provide communication benefit for some people, but well-fit hearing aids provide limited satisfaction (Bertoli et al. 2009 ). Declines in the central auditory system, independently or as a result of peripheral auditory system decline, could contribute to limited success for interventions focused solely on improving speech audibility.
Peripheral auditory system declines have pronounced effects on central auditory system structure and function. For example, noise exposure that causes cochlear damage is associated with structural changes in the cochlear nuclei (Coordes et al. 2012) and inferior colliculus (Coordes et al. 2012) . Similarly, presbyacusis-related changes have been observed structurally in spiral ganglion cells that were collected from human temporal bones (Francis et al. 2011; Hinojosa and Nelson 2011) and functionally in spiral ganglion cells recorded using an animal model of presbyacusis (Lang et al. 2010) . Age-related changes also have been observed in the rat inferior colliculus and auditory cortex that are associated with increased excitability in auditory cortex neurons (Caspary et al. 2008 ).
The consequences of peripheral hearing loss appear to extend to auditory cortex morphology. Lower gray matter volume estimates in auditory cortex (Husain et al. 2011; Peelle et al. 2011 ) and changes in extra-temporal gray matter and white matter (Husain et al. 2011 ) have been observed in middle-aged and older adults with mild to moderate hearing loss. It is not clear from these studies the extent to which (1) low and/or high frequency hearing loss contributes to the findings or (2) there is an indirect influence of age on hearing and brain morphology. It is also possible that (3) hearing associations with brain morphology reflect normal variation in anatomy that is associated with risk for hearing loss and/or gender effects given evidence that men are more likely to exhibit high frequency hearing loss than women (Raynor et al. 2009; Lin et al. 2011) and that men may exhibit relatively less auditory cortex volume than women (Rademacher et al. 2001) , even in early adulthood (Brun et al. 2009 ). Clarifying these questions is important for determining the causal mechanism(s) for central auditory system declines that may influence treatment for a disorder that is growing as a major public health problem (Kalayam et al. 1995; Cruickshanks et al. 2003) .
MATERIALS AND METHODS

Participants
Forty-nine older adults with a mean age of 69.58 years [SD 08.22 ; range 054.14-88.41 years; 29 female; Edinburgh handedness081.84, SD07.10, (Oldfield 1971) ] participated in this study. All participants reported American English to be their native language, and they did not report fluency in a second language. Only one participant who had a career as a music teacher reported expertise as an organist and so it is unlikely that musical expertise influenced results of this study (Schneider et al. 2002; Gaser and Schlaug 2003; Schneider et al. 2005) . Only one participant reported wearing a hearing aid. Exclusionary criteria included a history of head trauma, seizures, self-reported central nervous system disorders, conductive hearing loss or otologic disease, and contraindications for safe MRI scanning. Participants provided written informed consent before participating in this Medical University of South Carolina Institutional Review Board approved study.
Audiometric evaluation
Cerumen management was performed prior to audiometric evaluation for participants whose otoscopic evaluation demonstrated excessive cerumen. Pure-tone thresholds at conventional frequencies (250, 500, 1,000, 2,000, 3,000, 4,000, 6,000, and 8,000 Hz) were obtained with a Madsen OB922 clinical audiometer calibrated to appropriate ANSI standards (ANSI 2004) and equipped with TDH-39 headphones. Bone conduction testing (500, 1,000, 2,000, 3,000, and 4,000 Hz) was performed for all subjects to exclude the possibility that elevated thresholds were due to conductive hearing loss. The pure-tone audiometric thresholds for each ear and mean of those thresholds across the sample are shown in Figure 1A . Factor analysis was performed using the pure tone threshold data from both ears for all 49 participants with the same variables for 852 older adults (mean069.92, SD07.24 years; range050.35-97.46 years; 474/55.6 % female) who had participated in a study on presbyacusis and who were recruited with exclusionary criteria for conductive hearing loss or otologic disease (Lee et al. 2005; Dubno et al. 2008 ). This larger sample was used to obtain stable estimates of pure tone threshold components and standardize the factor variance relative to the larger population of older adults.
MRI data acquisition and image pre-processing
A Siemens 3T Trio and 32 channel head coil were used to collect T1-weighted images with the following parameters: 160 slices with a 256×256 matrix, TR0 8.13 ms, TE03.7 ms, flip angle08º, slice thickness0 1 mm, and no slice gap. Each participant's T1-weighted image was rigidly aligned into AC-PC orientation and then bias-field corrected and segmented using the SPM8 unified segmentation algorithm. The segmented gray matter, white matter, and cerebrospinal fluid (CSF) images were normalized into a study-specific coordinate space using diffeomorphic image registration (DARTEL) in SPM8 (Ashburner and Friston 2005; Ashburner 2007 ) to preserve cortical topology using a membrane bending energy or Laplacian model (Ashburner 2007) . This procedure created invertible and smooth deformations of each participant's native space gray matter image into a common coordinate space, producing a template that is representative of the brain size and shape of all the participants (Eckert et al. 2010) . The normalized images were modulated to adjust gray matter, white matter, and CSF voxel intensities for the degree of volumetric displacement that occurred during normalization. A Gaussian smoothing kernel of 8 mm was used for the voxel-wise analyses to ensure that the data were normally distributed and to limit false positive results. Jacobian determinant images also were created from the normalization deformation fields to examine the extent to which the modulated gray matter volume results could be attributed to volumetric displacement of the voxels during normalization.
Statistics
Low and high frequency hearing metrics were obtained by performing a factor analysis with principal components extraction and Varimax rotation using the pure tone threshold data for each ear from 49 participants in the current imaging study and from 852 participants in the longitudinal study. This analysis was performed with SPSS to characterize hearing threshold variance components in the data set using an eigenvalue threshold 91. Regression scores for each participant indicated the relative contribution of each threshold to the low and high frequency hearing components across all 1,802 ears.
The resulting low and high frequency regression scores were used in subsequent analyses with demographic and anatomical measures for the 49 participants. Multiple regression and correlation analyses were performed to characterize the extent to which gray matter volume was associated with the low and high frequency hearing threshold components. Region of interest (ROI) and voxel-based analyses included a covariate for total gray matter volume to examine locally specific associations with hearing thresholds that were independent of global variance in brain volume. The total gray matter volume estimate was obtained by summing gray matter volume across voxels. 
ROI analyses
Primary auditory cortex (PAC) masks were used to obtain gray matter volume estimates within probabilistic cytoarchitectonic regions of the unsmoothed modulated gray matter images [medial to lateral: Te1.1, Te1.0, and Te1.2 (Morosan et al. 2005) ]. These probabilistic maps [SPM Anatomy Toolbox; (Eickhoff et al. 2005) ], which are in Montreal Neurological Institute (MNI) space, were normalized into studyspecific DARTEL space by normalizing the ICBM a priori gray matter image to the DARTEL gray matter template and applying the normalization parameters to the masks. The masks were thresholded at 50 % probability (i.e., each cytoarchitectonic region was overlapping in at least 50 % of post-mortem brains after being normalized to MNI space) to limit the spatial overlap between masks in each hemisphere and obtain gray matter volume estimates with sufficient voxels to limit the possibility of outlier bias of the mean across all voxels in the masks. In addition, voxels were limited to those with 920 % gray matter probabilities in the DARTEL gray matter template to prevent white matter regions from influencing the mean gray matter volume estimates. The gray matter volume estimates were then standardized relative to total gray matter volume to control for potential age and gender effects by saving the unexplained variance in the measures after accounting for total gray matter volume. This standardized estimate of locally specific gray matter volume was then correlated with the low and high frequency hearing threshold components. Control analyses were performed similarly for primary visual cortex ROI [hOC1 from the Anatomy Toolbox (Eickhoff et al. 2005) ] because of functional associations observed between auditory and visual cortex (Eckert et al. 2008) . Non-significant associations with the hearing measures were observed (not shown).
Voxel-based analyses
Voxel-wise analyses were performed to provide local specificity within the PAC Te subfields and characterize the extent to which gray matter effects could be attributed to atrophy as represented by elevated CSF in auditory cortex. While the ROI analyses provide information about average volume of gray matter across a large region in unsmoothed data, the voxelbased analyses provide locally specific information about where effects would be most prominent within a brain region. We predicted that lower gray matter volume in auditory cortex would be associated with hearing loss, and for that reason, we restricted our analyses to auditory cortex regions within the left and right PAC Te (1.1, 1.0, and 1.2) cytoarchitectonic maps with the goal of limiting the number of comparisons and therefore used a corresponding family wise error correction (FWE corrected at pG0.05; peak voxel-wise) for the number of comparisons within the combined left and right Te masks. The low and high frequency components, as well as a total gray matter volume covariate, were included in the regression model. Follow-up voxel-wise control analyses were performed to determine the extent to which (1) volumetric displacement and possible shape effects influenced the gray matter results (Jacobian determinant image correlations with the threshold components) and (2) gray matter effects could be attributed to atrophy based on CSF associations with low and high frequency hearing loss. Finally, exploratory whole brain gray matter, white matter, and CSF analyses were performed to determine the extent to which hearing loss was associated with individual differences in brain morphology outside the auditory system (FWE corrected at pG0.05; peak voxel-wise).
RESULTS
Low and high frequency hearing loss
Consistent with previous factor analysis results in older adults (Jerger and Chmiel 1997), two components were identified that accounted for 87 % of the variance in pure tone thresholds using an eigenvalue threshold 91. Component 1 accounted for 69 % of the variance and was most positively associated with variance in the higher frequency pure tone thresholds. Component 2 accounted for 18 % of the variance and was most positively associated with variance in the lower frequency pure tone thresholds (Fig. 1B) . The component estimates for the left and right ears were strongly associated in the 49 subjects [ Fig. 1C : component 1 left and right ear: r00.91; component 2 left and right ear: r00.89] and averaged across right ears to examine demographic and anatomical associations with the high and low frequency hearing threshold components.
The oldest adults [r00.44, pG0.01] and men [t (47) 0 2.70, pG0.01] exhibited the most high frequency hearing loss. While age was not related to low frequency hearing loss [r00.12, ns], women were more likely to exhibit the most low frequency hearing loss [t (47) 0−2.72, pG0.01; Fig. 1D ]. For comparison to previous studies using an average pure tone threshold variable composed of the above frequencies [e.g., Peelle et al. (2011) ], the high frequency component [r00.90, pG0.001], and to a lesser degree the low frequency component [r00.32,pG0.05], were related to the average pure tone threshold of the 49 participants (Fig. 1D) . Table 1 presents threshold means, SDs, and the factor analysis component coefficients for each frequency so that the low and high frequency hearing threshold components can be created for data from new samples that are used to replicate this study.
Cytoarchitectonic region of interest analyses
Older adults with more high frequency hearing loss exhibited lower gray matter volume across the PAC Te cytoarchitectonic ROIs of each hemisphere, with the relation most pronounced in the PAC Te1.0 ROI (Table 2, Fig. 2 ). In contrast, low frequency hearing was weakly correlated with gray matter volume only in the left PAC Te1.2 ROI. The associations between the PAC Te gray matter volume estimates and the low and high frequency hearing components were not affected by covarying out age and gender (Table 2) , aside from the loss in degrees of freedom. The left Te1.0 association with high frequency hearing was present within males (r0−0.45, pG0.05) and females (r0−0.55, pG0.001). The left Te1.0 association was also present after controlling for age in a partial correlation (r0−0.35, pG0.05). The left Te1.2 association with low frequency hearing, however, was largely driven by females (r0−0.46, pG0.05) compared to males (r0−0.06, ns), which is consistent with the greater low frequency hearing loss observed in the females (Fig. 1D) .
Voxel-based analyses
Consistent with the Te1.0 ROI results, variation in high frequency hearing was significantly correlated with left hemisphere auditory cortex gray matter volume within the Te masks (MNI peak voxel coordinate: −47, −16, 6; Z03.89, pG0.05 FWE) and to a lesser extent lower right hemisphere auditory cortex volume. These effects were most prominent along the anterior half of Heschl's gyrus and along the anterior superior temporal gyrus, corresponding to the Te1.0 and 1.2 regions (Fig. 3A) . Importantly, lower gray matter volume appeared to reflect gray matter atrophy as the same auditory cortex voxels exhibited significantly increased CSF volume with increased high frequency hearing loss ( Fig. 3B ; MNI peak voxel coordinate: −42, −20, 10; Z03.22, pG0.05 FWE).
To further confirm that the relation between high frequency hearing and auditory cortex was due to locally specific changes in gray matter volume, control analyses were performed to examine the extent to which the gray matter results could be attributed to gross volumetric displacement effects. An analysis of the Jacobian determinant images suggested that increased volumetric displacement occurred in the auditory cortex of people with high frequency hearing loss (pG0.01, uncorrected; Fig. 3C ). The mean volumetric displacement from this left auditory cortex region was collected and observed to exhibit a strong association with age [r00.43, pG.005], but the association between auditory cortex gray matter volume and high frequency hearing loss remained significant (pG0.05 FWE) when the estimate of auditory cortex volumetric displacement was included as a covariate in voxel-wise analyses. Thus, the auditory cortex gray matter volume findings appear to reflect pathology associated with the influences of high frequency hearing loss. This result further suggests that associations between gray matter and hearing loss were not driven by indirect effects of aging that is reflected in global changes in gray matter volume.
Lateral superior temporal gyrus gray matter volume in the left hemisphere (Te1.2) was associated with low frequency hearing (pG0.01, uncorrected; Fig. 3D ), but these effects did not survive correction for multiple comparisons across the voxels in Te1.1, 1.0, and 1.2 space across males and females (pG0.05 FWE). In addition, low and high frequency hearing The low and high frequency threshold variables used in this study were obtained from a principal components factor analysis (see Materials and methods). These variables were obtained using 1,704 left and right ears from a sample of older adults with a mean age=69.92 years (SD=7.24) that was 56 % female and the 92 left and right ears from the older adults in this imaging study. These variables can be obtained in a new sample of participants using the data from these 1796 ears by: (1) standardizing each pure tone threshold to the respective mean and SD in the table below; (2) multiplying the standardized pure tone score by the respective pure tone frequency component coefficient; and (3) summing the values from step 2 for each component across pure tone variables threshold components were not significantly related to white matter or CSF voxels across the brain (pG0.05 FWE). Finally, there was significantly reduced gray matter volume in left primary somatosensory cortex with increasing high frequency hearing loss (MNI peak voxel coordinate: −52, −16, 42; Z04.97, pG0.05 FWE; Fig. 3A ).
DISCUSSION
The results of this study are consistent with the premise that high frequency hearing loss has cascading effects throughout the auditory system in older adults. High frequency hearing loss was associated with lower auditory cortex gray matter volume and increased CSF in the same region, suggesting that auditory cortex is atrophying with hearing loss. PAC Te1.0 was particularly affected by high frequency hearing loss. These effects were present even after controlling for age and gender effects, thereby providing additional support for direct effects of hearing loss on auditory cortex morphology.
The location of hearing loss effects in bilateral PAC Te1.0 appears to be consistent in location with the bilateral results observed by Peelle et al. (2011) . The effect sizes in Peelle et al. (2011) were relatively weak compared to the current results, suggesting that their inclusion of low frequency thresholds in an average pure tone threshold across frequencies may have A similar pattern of results was observed when gray matter data were collected from masks with a 75 % probability of cytoarchitectural overlap in the PAC Te probability images. In partial support of controlling for total gray matter volume, total gray matter volume was related to low (r=−0.30, pG0.05) and high frequency hearing (r=0.27, pG0.10), but was not related to low (partial r=−0.17, ns) and high frequency hearing (partial r=0.13, ns) after controlling for gender †pG0.10; *pG0.05; **pG0.01; ***pG0.001 limited the strength of association between gray matter and hearing levels. Importantly, the high frequency hearing threshold component used in this study was strongly associated with the average pure tone threshold (Fig. 1D) , suggesting that the Peelle results also were largely driven by high frequency hearing loss.
We were able to examine specific effects of low and high frequency hearing loss by leveraging 1,802 audiograms to establish stable high and low frequency hearing threshold metrics. Indeed, there appeared to be unique effects of low and high frequency hearing loss on PAC Te1.2 gray matter. The relatively greater high frequency hearing loss effects in Te1.0 could reflect statistical effects of having a broader range of high frequency thresholds. Our data reflect, however, the typical variance in pure tone thresholds that is found in older adults samples (Jerger and Chmiel 1997). For that reason, studies designed to examine the effects of low and high frequency hearing loss can be performed using the hearing threshold metrics in Table 1 .
Differences in cytoarchitecture across the PAC Te regions that correspond to Brodmann's area 41 (1909) could provide a basis for the more pronounced effects in Te1.0 compared to Te1.1 and Te1.2. Layer IV is thicker in the Te1.0 region compared to the Te1.1 and Te1.2 regions (Morosan et al. 2005) , suggesting that Te1.0 receives the greatest thalamic input across these regions. High frequency hearing loss-mediated changes in thalamic innervation of auditory cortex could explain why the gray .44] high frequency hearing loss effects were predominantly in the left PAC Te1.0 region (50 % probability) on the anterior crown of Heschl's gyrus (orange region in A) and extended laterally into the left PAC Te1.2 region (50 % probability) along the superior temporal gyrus. Each medial to lateral sagittal image corresponds spatially to the location of the Te1.1, 1.0, and 1.2 regions. The red voxels in somatosensory cortex exhibited a significant association between gray matter volume and high frequency hearing loss after correcting for whole brain exploratory comparisons thresholded [pG0.05 FWE, t (45) = 5.25]. B Auditory cortex regions where gray matter volume was associated with high frequency hearing loss were also regions exhibiting elevated CSF [green: gray matter volume and high frequency hearing association (thresholded pG0.05 FWE, t (45) =3.44); red: CSF volume and high frequency hearing association (thresholded pG0.05 FWE, t (45) = 3.11); yellow: overlap of the gray matter and CSF volume results]. These results suggest that the gray matter findings more likely reflect hearing loss related atrophy than individual differences in morphology. C Auditory cortex also required increased volumetric displacement (Jacobian determinant) in older adults with the most high frequency hearing loss (pG0.01 uncorrected). The mean volumetric displacement was obtained from the space of the Jacobian determinant result and used as a covariate in the gray matter and hearing analysis, which demonstrated that voxels in the Te1.0 region remained significant after controlling for these age influenced displacement effects. D The lateral auditory cortex region where gray matter was weakly associated with low frequency hearing loss (pG0.01 uncorrected). These effects are unique and overlap with the high frequency hearing threshold effects. Increased CSF was weakly related to low frequency hearing loss in this same region (pG0.05 uncorrected). See color scale in A. for t-score in D.
matter volume effects were most pronounced in Te1.0. The integration of postmortem imaging and histological data from older adults with well-characterized auditory function has the potential to test this hypothesis.
Hearing threshold associations with auditory cortex gray matter have been interpreted as reflecting causal effects of hearing loss on cortex (Peelle et al. 2011) . Noise and lesion induced cochlear damage produces downstream changes in morphology throughout the rat and cat auditory systems (Powell and Erulkar 1962; Groschel et al. 2010; Coordes et al. 2012 ) and causes changes in tonotopic representation in macaque cortex (Rajan and Irvine 1998; Kakigi et al. 2000) . This type of damage is similar to transsynaptic degeneration effects observed in the visual system (Minkowski 1913; Johnson and Cowey 2000; Zikou et al. 2012) . The elevated CSF in auditory cortex among people with high frequency hearing loss (Fig. 3B ) is supportive evidence of cortical atrophy as a result of hearing loss damage in lower levels of the auditory system. Longitudinal studies incorporating auditory brainstem responses, subcortical anatomical measures, and cortical anatomical measures could be used to evaluate the extent to which declining spiral ganglion integrity (Landry et al. 2011; Sly et al. 2012) occurs with declines throughout the aging auditory system.
An intriguing explanation for the unique low and high frequency hearing effects observed in this study is that they stem from different subtypes of presbyacusis. There are several causes for presbyacusis, which have unique patterns of associated hearing loss, including metabolic and sensory presbyacusis (Schmiedt 2010). Metabolic or strial presbyacusis involves endocochlear potential decline due to atrophy of the stria vascularis across apical and basal turns of the cochlea (Johnsson and Hawkins 1972; Pauler et al. 1988; Schulte and Schmiedt 1992; Gratton et al. 1996; Suzuki et al. 2006) and is associated with a relatively flat loss in the low frequencies coupled to a gradually sloping loss in the high frequencies. In sharp contrast, sensory presbyacusis involves the loss of outer hair cells (Schuknecht 1974) that are particularly affected in the basal turn of the cochlea ) and is associated with relatively better low frequency hearing and more steeply sloping high frequency loss than metabolic presbyacusis (Schmiedt 2010). This pattern of anatomical and functional changes is consistent with evidence for low and high frequency hearing loss factors or components that were observed in this study and by Jerger and Chmiel (1997) . Our results suggest that metabolic presbyacusis and increasing low frequency hearing loss is associated with changes in lateral superior temporal gyrus morphology (Te1.2) in females, while sensory presbyacusis and increasing high frequency hearing loss is associated with changes in medial auditory cortex (Te1.0) morphology in males and females. These predictions will be testable in the future when the subtypes of presbyacusis can be determined with audiometric data (Schmiedt 2010), which would help overcome the limited evidence for the causes or duration of hearing loss in our sample.
The location of the Te1.0 high frequency hearing loss result is in close proximity, but lateral to a Heschl's gyrus region where gray matter volume was associated with word recognition in a difficult listening condition (Harris et al. 2009 ). The word recognition effects appeared to be due in part to normal variation in auditory cortex morphology because the association was present within groups of younger and older adults who had clinically normal hearing. These results are consistent with evidence that normal variation Heschl's gyrus morphology is associated with language and music expertise (Golestani et al. 2002; Schneider et al. 2002; Gaser and Schlaug 2003; Schneider et al. 2005; Golestani et al. 2007; Wong et al. 2008 ). The Harris et al. (2009) effects could have been amplified by subclinical high frequency hearing loss, however. Central auditory system declines precede pure tone threshold evidence of peripheral auditory system decline , perhaps because of redundant afferent innervation of spiral ganglion neurons (Liberman et al. 1990 ). Future studies of older adults will be performed to evaluate the extent to which auditory cortex morphology relates to word recognition independently of hearing loss.
One question stemming from the current study is how to interpret the exploratory whole brain result demonstrating reduced primary somatosensory gray matter with increasing high frequency hearing loss. A search of coordinates reported within 8 mm of this effect yielded findings from experiments that included tongue movement (Hesselmann et al. 2004 ) and articulation (Pulvermuller et al. 2006) , oral stimulation (Miyamoto et al. 2006 ), listening to non-verbal emotional stimuli (Warren et al. 2006) , and listening passively to speech (Davis et al. 2007 ). If primary auditory and somatosensory cortices are part of a functional network (van de Ven et al. 2009 ), then perhaps anatomical changes in one region could impact another region in the network (Oh et al. 2011 ). In addition, extratemporal and temporal lobe findings may reflect comorbid factors such as vascular disease that have widespread aging effects on the peripheral auditory system (Gates et al. 1993; Thomopoulos et al. 1997; Torre et al. 2005; Liew et al. 2007; Helzner et al. 2011; although see Parving et al. 1993; Karamitsos et al. 1996) and the brain (Eckert 2011). Influences of vessel disease on hearing in females (Gates et al. 1993; Helzner et al. 2011 ) could also explain the association between gray matter in the left Te1.2 region and low frequency hearing loss. Regardless of direct or indirect hearing loss effects on cortical morphology, extratemporal and temporal changes that occur with age are likely to further limit the efficacy of hearing loss interventions focused solely on improving audibility.
In summary, the results of this study replicate findings from previous hearing loss studies and further demonstrate that: (1) high frequency hearing loss is related to robust changes in auditory cortex (PAC Te1.0) in males and females, thereby clarifying the hearing loss effects in previous studies and together with (2) CSF evidence of cortical atrophy with hearing loss, support the premise that high frequency hearing loss has downstream effects on auditory cortex. While this study was focused on older adults, the limited effects of age and the prevalence of high frequency noise exposure in our society raises important questions about the degree to which hearing loss effects on cortex are specific to presbyacusis or also occur for noise exposure (Kujawa and Liberman 2009). PAC Te1.0 therefore appears to be an important target for (1) understanding the causes of auditory cortex changes in people with hearing loss, (2) understanding the significance of hearing loss to the speech recognition difficulties that older adults experience, and 3) developing a biomarker to evaluate the effects of hearing aid and speech training intervention on neurobiology and behavioral outcome.
